Abstract-It is shown that the direction-of-arrival (DoA) information carried by an incident electromagnetic (EM) wave can be encoded into the evanescent near field of an electrically small resonance antenna array with a spatial rate higher than that of the incident field oscillation rate in free space. Phase conjugation of the received signal leads to the retrodirection of the near field in the antenna array environment, which in turn generates a retrodirected far-field beam toward the original DoA. This EM phenomenon enables electrically small retrodirective antenna arrays with superdirective, angular superresolution, auto-pointing properties for an arbitrary DoA. A theoretical explanation of the phenomenon based on first principal observations is given and full-wave simulations demonstrate a realizability route for the proposed retrodirective terminal that is comprised of resonance dipole antenna elements. Specifically, it is shown that a three-element disk-loaded retrodirective dipole array with 0.15λ spacings can achieve a 3.4-dBi maximal gain, 3-dBi front-to-back ratio, and 13% return loss fractional bandwidth (at the 10-dB level). Then, it is demonstrated that the radiation gain of a three-element array can be improved to approximately 6 dBi at the expense of the return loss fractional bandwidth reduction (2%).
at the receiver for the same transmitter input power [2] , [4] , and can also minimize the multipath effects. Ultimately, these features lead to a lower bit error rate (BER) of the received signal and a reduction of the EM pollution through a reduced EIRP and spatial radiation control.
A number of antenna solutions exist for relatively compact directive antenna terminals [5] , [6] . Probably the most famous is the Yagi-Uda antenna [7] , [8] , which belongs to the class of endfire radiating antenna arrays [5] , [9] . Other examples include high-gain endfire radiating arrays based on electrically small resonant antenna elements separated by approximately one-tenth of the radiation wavelength λ [9] , [10] . With these arrangements, the omnidirectional signal coverage is sacrificed since a high gain can only be obtained in a preferred direction in space along the array axis.
To meet the requirement of full azimuthal plane coverage, electronically steerable antennas based on 2-D arrays, particularly circular antenna arrays, with a characteristic radius of a quarter-to half-wavelength of radiation have been proposed [11] , [12] . Electronic beam scanning in the horizontal plane of a circular array can be realized by array phasing, switched array steering [11] , or by varying the reactive loading across the terminals of passive antenna elements as in electronically steerable passive array radiator (ESPAR) antennas [12] , [13] . ESPAR antennas normally employ dipole or monopole antenna passive elements with a typically quarterwavelength separation configured in a circular array with an active central element. Electronically steerable antenna arrays open up many new possibilities, including directional beam scanning, lowering the received signal BER, and jamming interference reduction [14] . However, electronic scanning in these antennas is based on heavy digital processing, which needs inputs related to the DoA, channel/propagation environment dynamic characterization, and so on [14] , [15] .
In this paper, we propose a fundamentally new class of small antenna terminals with an automatic reconfigurable DoA-dependent superdirective radiation pattern based on the principle of EM signal phase conjugation (PC) [16] . Here, the term superdirective refers to the antenna array radiation pattern that overcomes the Raleigh angular resolution limit [17] 
where L A is the antenna array aperture size. It is well known that PC of the incoming signal wavefront forms the basis of retrodirective antenna arrays operation [16] , [18] . Such arrays automatically retrodirect an incoming signal toward the original source without a priori knowledge of its spatial location [16] , [18] , [19] . Previously, 0018-926X © 2016 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
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it was shown that retrodirective arrays can be used for full-duplex wireless communications as well as for efficient wireless energy transfer [3] , [16] , [18] , [19] , where tasks like DoA estimation, target tracking, beam pointing, and carrier recovery are based entirely on the analog circuitry [16] , [19] . Analog signal processing has several distinct advantages over the digital-based counterpart, namely, lower power consumption, high-speed tracking in real time, and high sensitivity to low-power signals [16] . Traditionally, retrodirective antenna arrays are constructed by merging standard antenna arrays with dedicated electronic circuitry performing PCs [16] , [20] . The elements in conventional narrowband resonant antenna arrays are normally spaced at around the half-wavelength of radiation [21] , with the aim to reduce mutual coupling and enhance the directivity of the array without the appearance of grating lobes. As is well known, reduction of radiating element spacing leads to a higher intensity of the EM near-field components (reactive EM field), which results in higher mutual coupling, widely considered as a primary source of antenna array performance degradation [21] , [22] . While, in general, this is true since the increased reactive field leads to a smaller frequency bandwidth, lower radiation resistance, reduced efficiency, and mismatch of the antenna elements [5] , the beneficial aspects of the reactive EM field in the antenna environment have not received substantial attention.
Importantly, this paper will offer the first demonstration that DoA information can be encoded in the near field of the dense antenna array with a much higher spatial rate than is possible with a conventional array composed of half-wavelength spaced elements. This can be understood by expanding the array scattered field into its plane wave spectrum, where evanescent harmonics with fast spatial oscillation contribute dominantly to the Fresnel and quasistatic near field [23] , [24] . A crucial feature of the dense retrodirective array operation will be demonstrated, namely that PC of the voltage induced across the antenna array terminals not only leads to the retrodirection of the propagating part of the field but also to the retrodirection of the reactive (oscillating) EM field [25] . Consequently, the retrodirected field in the array environment generates the transmission-mode array excitation vector (amplitudes and phases of voltages across the antenna array terminals), such that the array radiates a directive beam back along the DoA with an angular bandwidth overcoming the Raleigh angular resolution limit (1) .
Realization of this angular super-resolution scenario requires high intensity of the evanescent field in the array environment exceeding the magnitude of the incident field to allow efficient encoding of the DoA information into the highly oscillatory evanescent harmonics. This is only possible when the antenna elements operate in the EM resonance leading to high electric currents generating a large scattered field. Usually, the EM resonance of the electrically small antenna elements in free space can be achieved by inductive lump loading, folding, and spatial antenna loading using, e.g., top caps [5] , [6] , [9] , [10] , [26] . In this paper, we study a compact retrodirective array formed by a number of densely packed hat-loaded dipole antennas; however, the angular super-resolution phenomenon can be realized in any compact (electrically small) resonance antenna array regardless of the antenna elements type.
It should be noted that the proposed retrodirective array can be classified as an angular super-resolution array and is different from the classical superdirective arrays composed of isotropic radiators [27] . The major difference is that in classical superdirective arrays, the excitation vector values are the roots of the array polynomial. In the case we present here of a retrodirective array composed of resonant antenna elements, the excitation vector is set by the superposition of the incident plane wave and the scattered field in the array environment, which, in essence, is analogous to the superresolution filter function [28] .
The rest of this paper is organized as follows. Section II outlines the principle of operation of the proposed retrodirective array composed of densely packed hat-loaded dipole antennas. The antenna resonance role in the retrodirected beam generation is emphasized and the realization of resonance conditions is briefly discussed. Next, in Section III the mechanism for the EM field retrodirection by a couplet or triplet of isotropic radiators and resonant antenna elements is discussed in detail. This paper forms a basis for the analysis of the antenna arrays with different lattice arrangements. In Section IV, a parametric study of the array performance is carried out. Finally, in Section V, the conclusions are summarized. The relevant mathematical derivations are detailed in the Appendix.
II. PRINCIPLE OF OPERATION
Consider a compact retrodirective N-element antenna array [ Fig. 1 ] illuminated by a signal EM plane wave (PW) with a monochromatic, exp(−i ωt), frequency carrier.
In the rest of this paper, compactness of the array will be taken such that its characteristic spatial footprint size D a does not exceed a radiation half-wavelength
The array is composed of electrically small resonant antenna elements [10] with a characteristic size a satisfying the condition k 0 a ≈ 1, where the wavenumber k 0 = 2π/λ. This condition is less stringent than the criterion k 0 a 1 adopted for single classical electrically small antennas [29] ; however, it should be noted that arrays of small antenna elements are studied in this paper; therefore, the classical requirement k 0 a 1 needs to be relaxed. The analysis developed in this paper can be applied to arrays composed of any type of antenna element; however, for the sake of brevity, only resonance top-loaded dipoles are studied.
Consider now the retrodirective antenna terminal action as follows.
A. Signal Reception
The retrodirective antenna array [ Fig. 1(a) ] is illuminated in the receive mode, by a monochromatic incident PW (3) with a unit polarization vector along the z-axis, e in = z 0 , and the wavevector k in In (3), the wavevector k in is given by the formula
where κ = (cos ϕ in , sin ϕ in , 0) is the incident wavevector projection onto the horizontal plane and free space wavenumber k 0 = ω/c, θ in , and ϕ in are the elevation and azimuthal incidence angles correspondingly. The incident EM field induces the electric current distributions I n (z) along each of the antenna elements, n = 1, 2, . . . , N and n is the antenna element index number. The current densities I n (z) are generated by the total field E t ( r ) in the array environment arising as a sum of the incident PW E in ( r ) and the scattered field E sc ( r )
In (5),Ĝ( r, ρ n , z ) is a free-space dyadic Greens function [30] and ρ n is a radius-vector of the nth antenna center in the horizontal plane xy. Integration path in (5) is taken along the nth antenna axis. As will be discussed in detail later, the scattered field E sc ( r ) in the array environment can be expanded into the PW spectrum containing the propagating and evanescent components [23] [24] [25] 
where the DoA phase n = exp(i k in · ρ n ), the spectral amplitudes E sc ( k) depend on the array geometry, and the antenna electric current amplitudes [18] , [23] , [25] , ρ and ρ n are the observation point radius vector in the xy plane and the radius vector of the nth antenna element center, respectively. The exact expressions for the PW spectral representation will be derived in Section III and in the Appendix.
Here, it is important to note that the partial evanescent components in (6) with the wavenumber |χ| > k 0 , χ = | χ| oscillate in the array plane with the spatial oscillation rate ∼2π/χ faster than the wavelength λ in free space. Therefore, the DoA phase information represented by the factor n in (6) is encoded into these evanescent components with a higher spatial oscillation rate than it is possible with the propagating waves in free space. This phenomenon manifests itself in significant phase differences, ∼χ D a , between the induced voltage phases across the antenna ports T n [ Fig. 1(a) ], much larger than the phase shifts of the incident EM field alone in free space in the positions corresponding to the antenna centers.
To illustrate this statement further, the phase difference between the voltages across the antenna terminals T 1 , T 2 , and T 3 in the three-element array arranged in the equilateral triangular lattice [ Fig. 1(a) ] are calculated using the full-wave EM solver FEKO (www.feko.info).
The interelement spacings used are 0.15λ, the length of each dipole antenna is 0.25λ, and the top disk radius is 0.06λ (λ is chosen to be 0.125 m at 2.4 GHz). The wire radius is chosen to be 2 mm (0.016λ) to achieve electric current resonance at 2.4 GHz. The antennas are loaded by a 2-resistive load and matched to 50-idealized ports with a 6% return loss fractional bandwidth (S 11 parameter is at −10 dB level).
In Fig. 2 , the phase differences ϕ T m−T n between the voltages across the terminals m and n, (m, n = 1, . . . , 3) are calculated along with the phase difference of the incident field in the positions ρ m , (m = 1, 2, 3), corresponding to the antenna element centers It can be seen from Fig. 2 that the phase difference between the voltages across the antenna terminals varies significantly, in the case of a resonant antenna array, on an average, several times larger than the phase difference of the incident EM field at the locations of the corresponding antenna center positions without the array present. A large phase variation effect occurs due to strong near-field EM coupling between the resonance antenna elements and from the viewpoint of the PW, spectral representation can be considered as an array effective area expansion [31] .
This last point can be illustrated by a comparison of the radiation patterns in the transmission (or retrodirection) mode [ Fig. 1(b) ] generated by the array of EM-coupled resonance antennas (red solid line) and by the array of three Hertzian point-like dipole sources not EM coupled to each other (blue line with dotted markers). The array complex-valued excitation vector (a 1 , a 2 , a 3 ) consists of the
induced across the antenna terminals T 1 -T 3 in the case of the resonant array and the conjugate incident field phasors (exp
, in the case of the array of Hertzian sources. In both the cases, uniform amplitude excitation is applied, |a 1 | = |a 2 | = |a 3 |. Fig. 1(b) shows the radiation pattern for θ in = 0°, ϕ in = 30°. The angular bandwidth at the 0.707 level is 68°for the resonant antenna array and 200°for the Hertzian dipole array, i.e., the near-field resonantly coupled array generates approximately a three times narrower beam compared with the case when no EM coupling is present.
It is important to stress the role of antenna resonance in the proposed retrodirection mechanism. It can be seen from (5) that if the antenna currents are small, as in the case of the nonresonant array, the incident field can dominate over the scattered field E in ( r ) E sc ( r ), and the DoA information is sampled by the propagating harmonics with spatial sampling ∼λ. In this case, the relative phase difference between the antenna terminal voltages is proportional to k 0 D a and is much smaller than in the presence of the resonance coupling generated by the large antenna currents. This is shown in Fig. 2(b) , where the relative phase difference of the induced voltages across the nonresonant antenna ports does not exceed 30°(versus ∼180°in the resonance case). This further leads to the wide angular pattern with a 120°b andwidth at the 0.707 level of the nonresonant array beam and a maximum directivity two times smaller than in the resonance case [ Fig. 1(b) ]. Therefore, the EM antenna resonance is crucial for the super-resolution retrodirective array operation; the general design rules of the small resonance antennas [5] , [6] , [9] , [26] are applicable to the retrodirective antenna arrays which are studied here.
Finally, it is interesting to note that an endfire superdirective line array [27] composed of Hertzian dipole sources with excitation phases (0°, 120°, and 240°and uniform 0.15λ spacing generates a beam with a 66°angular bandwidth at a 0.707 level, which is approximately equal to the angular bandwidth of the resonant antenna array. It should be stressed again that the retrodirective array can steer the beam to any arbitrary azimuthal angle of arrival, unlike the endfire array [9] , [10] , [27] , which enables a high gain only along one direction.
Let us now discuss in more detail retrodirection of the signal toward the intended communicator.
B. Signal Retrodirection
Full-duplex wireless communications based on retrodirective arrays are discussed in [16] and [19] , and the efficient wireless energy transfer in [3] . The PC unit architecture for full-duplex communications is schematically represented in Fig. 3 .
In the receive (RX) chain, the signal is split into the demodulator, where the RX digital data are recovered, and the carrier recovery circuit, which removes the modulation and extracts the RF carrier. The high-frequency RF carrier bearing the incident PW DoA information is mixed with a local oscillator signal and a resulting low-frequency PC signal at the intermediate frequency (IF PC) is filtered by a lowpass filter. The IF PC signal can be delayed if required by a controllable analog delay circuit. Next, the IF PC signal feeds the transmit (TX) chain, where it is mixed with a modulated TX data, upconverted and after passing a bandpass filter reapplied to the same antenna terminal generating the retrodirected beam.
A more detailed discussion on the realization of the PC circuitry can be found in [16] and [32] . Impedance matching between the antenna and the PC circuitry is specific for each PC unit realization [16] , [25] , [32] , but in general, it is based on the conjugate matching technique [33] . It should also be noted that often the retrodirected signal has a small frequency offset with respect to the frequency of the incident wave carrier [16] , [32] . From the mathematical point of view, the EM effect of the PC unit can be modeled in the transmit (TX) mode by numerical conjugation of the voltage phase across the nth antenna terminals in the receive (RX) mode
where A v is a real-valued number defined by the PC unit output power gain. Equation (8) proved to be very accurate and in very good agreement with the experimental data for the low-phase error PC units [16] , [20] .
III. RETRODIRECTION OF THE EM FIELD
In this section, EM field retrodirection by a pair (couplet) and a triplet of PC scatterers is analyzed using the geometrical theory of diffraction, in order to illustrate the EM retrodirection process of both propagating and evanescent EM field components. Then retrodirection by the arrays with more complex lattices is studied.
A. Propagating Field Retrodirection
Let us consider first the retrodirection of the incident propagating PW by a pair of point-like scattering centers, conjugating the incoming PW phase [ Fig. 4(a) ]. These centers can be represented by the isotropic radiators or Hertzian dipoles without EM coupling between them.
The incoming PW with a plane wave vector k in gets phase conjugated at the PC scattering centers located at the origin of the coordinate system and also at the point with the radius vector r [Fig. 4(a) ]. The arising retrodirected wave E pc ( r ) is formed by a superposition of the partial PC fields
where R = | r − r | and r is a radius vector of the observation position. The maximum of the retrodirected field radiation pattern in the far-field zone, r r occurs for the stationary phase point [24] , [30] satisfying the condition
where r 0 = r /r . In (10) an asymptotic expression
has been used. It can be seen that (10) is satisfied for an observation point with a radius vector r 0 such that
which gives a retrodirected wave for y > 0 [ Fig. 4(a) ], with the wavefront normal vector
For the scattering pair in Fig. 4(a) another solution satisfying (10) is possible in the y < 0 half-space with a radius vector
which corresponds to a negatively refracted wave [18] , [25] with the phase factor ∼exp(i k t · r ). This wave propagates in the half-space y < 0 at the angle ϕ t = −ϕ in , i.e., in a mirrorsymmetric direction with respect to the line connecting the scattering pair centers. Importantly, for arbitrary array geometries (i.e., noncouplet arrangements) spatial coherence is preserved only for the retrodirected wave with k r = − k in . Spatial coherence for a negatively refracted wave occurs only for certain array geometries, like line or planar arrays [25] . In arbitrary 3-D geometries, the negatively refracted partial fields are added incoherently. This scenario is shown in Fig. 4(b) for the case of a PC scattering triplet. Now let us consider the case of the resonance antenna elements with a strong near-field EM coupling. In this case, the incident PW induces current distributions along the antenna elements I n (z), n = 1, 2, . . . with additional phase shift due to the near-field coupling, and the retrodirected field will be given by a sum of partial waves
where the amplitudes
−L/2 I n (z ) exp(ik 0 z )dz and the wavevector k res are represented by a sum of retrodirected wavevector k r = − k in and an additional vector k c ∼ ∇ r ϕ proportional to the gradient of an additional phase shift ϕ due to the antenna near-field coupling [ Fig. 5(a) ]
As it has been shown earlier [ Fig. 2(a) ], in closely spaced resonant antennas, the additional phase shift due to the EM coupling is several times larger than the phase shift of the incident field in the free space; therefore k c , · r k in · r for r = 0.
This results in a dominant endfire radiation by the couplet of resonance antennas [ Fig. 5(b) , red to green lines] for any incidence angle ϕ in except for ϕ in = 90°. For the incidence angle ϕ in = 90°, a resonant antenna couplet radiates a broadside pattern [ Fig. 5(b) , magenta line with solid circles]. In Fig. 5(b) , the gain radiation pattern is shown, defined in the normal way as the ratio of directivity to the radiation efficiency of the antenna system.
Propagating field retrodirection by the resonance antenna triplet is schematically shown in Fig. 6(a) . If the spacings between the triplet antenna elements are approximately the same (more specifically of the same order), the additional wavevectors k
c ∼ ∇ r ϕ 13 arising as a result of near-field coupling are approximately symmetric with respect to the incident PW vector k in . The antenna elements are numbered from 1 to 3 as shown in Fig. 6(a) .
If one of the spacings becomes much larger than the other (more than 0.5λ), then dominant radiation will occur, in general, in the endfire direction of the couplet with a smaller interelement distance. This situation will not be studied here in detail, since we consider electrically small arrays with spacings not exceeding half-wavelength of radiation.
It is important to note that both the antenna current phase shifts and amplitude weights A( k in , r ) are nonlinear functions of the antenna element spacings due to the nonlinear spatial variation of the near-field amplitude ∼1/r 2 , ∼1/r 3 with a distance r from the antenna. It is therefore advantageous to use antenna arrays that are arranged in equilateral triangular lattices or lattices with approximately equal spacings such that the additional phase vectors k c are approximately symmetric with respect to the incident PW vector k in . Full-wave simulation results shown in Fig. 6(b) demonstrate that with a three-element antenna array arranged in an equilateral triangular lattice, retrodirection is possible for any arbitrary DoA angle in the azimuthal plane. The gain for the three-element array with a 0.15λ spacing is 3.4 dBi and the front-to-back ratio is ∼3 dBi. The half-maximum angular beamwidth is ∼96°, which is only marginally wider than the 90°angular bandwidth of the endfire superdirective line array of Hertzian dipoles with 0.15λ spacings with uniformly distributed roots of the array polynomial [27] .
B. Retrodirection of the Evanescent Field in the Antenna Array Environment
To get an insight into the EM near-field retrodirection in the PC antenna array environment, the PW spectral expansion [23] , [24] can be employed. The scattered/radiated by the array field in the receive or transmit (retrodirection) mode can be written as a superposition of the partial fields due to the antenna currents I n (z), I t n (z)
where n is the antenna element number, N is a total number of antennas in the array, I n (z), and I t n (z) are the current distributions in the receive and transmit (retrodirection) modes correspondingly and
is a spherical wave function [30] andÎ is a unit dyad. Expanding the spherical wave function into the superposition of PWs
where χ = (k x , k y , 0), it is possible to obtain a representation of the scattered field in terms of propagating and evanescent PWs
where E( k) are the spectral amplitudes, specified in Appendix B, ρ and ρ n are the observation point radius vector in the horizontal plane and the radius vector of the nth antenna element center position, respectively, and function η n (χ) describes the spectral harmonics of the current distribution along the n-th antenna element
In (20) and (21) the upper sign is chosen when z ≥ z and the bottom sign is chosen when z ≤ z . The process of evanescent wave retrodirection can be considered in full analogy with the propagating PW case (Section III-A). However, there are some differences, as explained below.
For clarity, let us consider a partial evanescent PW ∼ exp [i χ · ( ρ − ρ n )] emanated from the isotropic source located at ρ = ρ n . This partial PW excites the retrodirective center located at ρ = ρ j , j = n, and gets its phase conjugated. As a result, two evanescent field components arise with spatial dependence
where the attenuation factor exp(−|k z z|) in the orthogonal-to-χ direction is omitted. In (22) wave experiencing negative refraction. The sign "+" appears in the term exp [+i χ · ( ρ − ρ j )] as a result of the spectral decomposition reference axis inversion [23] . Applying the stationary phase method to the spectral superposition composed of PWs (22), we can establish that the maximum of the retrodirected field emitted by a source at ρ = ρ n occurs at the position
Negative refraction of the oscillating near field has been studied in detail in [25] for the line array geometry. In full analogy with the propagating PW case, it can be shown that the spatial coherence in the arbitrary array geometry is only preserved for the retrodirected field, while a negatively refracted spot can only be coherently formed in the lensing scenario with a linear or planar retrodirective array [25] . Retrodirection of the near field has been numerically studied using a point-like Hertzian dipole located in a number of positions in the vicinity (∼0.2-0.4λ) of the three-element PC array described earlier [ Fig. 7(a) ].
The choice of a Hertzian dipole as a source of the evanescent spectrum can be justified by the fact that the Hertzian dipole generates the illumination field and is not EM coupled to the resonance antenna array. Therefore, a point-like source can be removed in the retrodirection mode without affecting the array near-field properties. In a series of simulations, the Hertzian source was positioned in the horizontal plane at the points ρ d exp (i ϕ d ), where ρ d varied from 0.2λ to 0.4λ and ϕ d varied from 0°to 90°with a 30°step.
In all the cases the maximum of the retrodirected field (except for the vicinity of the antenna surfaces where the E-field is intrinsically high) was obtained in the illuminating dipole positions [ Fig. 7(b) ]. Fig. 7(b) also reveals the formation of the negatively refracted field, bottom-left corner of the graph in Fig. 7(b) , in the mirror-symmetric position with respect to the array, which is fully consistent with the previous analysis.
The considered features of the near field in the PC array environment have utmost importance for the retrodirection properties of the PC array in the far field. As shown in Appendix A, the antenna currents contain the DoA information encoded in both the propagating and the evanescent fields. Since for compact antenna terminals the evanescent field amplitude can substantially exceed the amplitude of the incident propagating PW, the retrodirection of the evanescent spectrum in the array environment plays a dominant role in the array excitation vector formation on transmit. The appearance of the negatively refracted spot creates an excitation for the array antenna elements, which corresponds to the arrival of a spurious PW in the direction of negative refraction and leads to a deterioration of the radiation pattern in the desired DoA direction. This effect will be further studied in this paper.
It should be noted that the process of evanescent-topropagating spectrum conversion and the reverse process of the propagating-to-evanescent field conversion leading to the extraction of the radiation system subwavelength features has been studied theoretically and experimentally in [20] and [34] [35] [36] . It should be noted that in this paper, we establish, for the first time, a complete EM picture of the retrodirected near-field formation in ultracompact antenna arrays using electrically small elements at a high radiation efficiency, which is crucial to free-space far-field wireless applications.
IV. RETRODIRECTIVE ANTENNA ARRAY PERFORMANCE CONSIDERATIONS
A parametric study of the electrically small retrodirective antenna array performance as a function of the array geometry is carried out in this section. Particularly, the effect of interelement separation on the available gain and antenna element matching is discussed. In addition, the effect of the lattice geometry on the beam pointing accuracy is studied with the emphasis on the near-field coupling between the antennas and spatial coherence of the retrodirected near field. Finally, a sensitivity analysis is carried out.
A. Gain and Antenna Matching Bandwidth Versus Interelement Spacings
It is well known [5] that reduction of the antenna array interelement spacing leads to a lower antenna radiation resistance and hence a lower available directional gain and a smaller return loss (antenna matching) bandwidth. Possible solutions include modification of the antenna element geometry [5] , [9] , [26] and impedance, particularly resistive, loading across the antenna terminals [5] , [37] . In general, both the antenna geometry modification and the resistive loading improve the antenna matching bandwidth at the expense of the antenna array available gain. In this paper, we restrict the analysis by considering only disk-loaded dipole antenna elements that ensure a uniform electric current maximizing the available gain [5] . Fig. 8(a) shows the simulated antenna return loss fractional bandwidth as a function of the interelement spacings in the disk-loaded dipole array with an equilateral triangular lattice. The antennas are fed via a 50-port. It can be seen that even a moderate increase in resistive loading leads to more than a 10% matching bandwidth. At the same time, antennas with very small 1 loading fail to operate at dense spacings less than 0.15λ. It should be noted that due to the resonance nature of the antenna elements, the radiation gain in the direction of the radiation pattern maximum can be reduced with increased resistive loading [ Fig. 8(b) ], and, therefore, a tradeoff between the desired antenna matching bandwidth and the available gain needs to be chosen. Another possibility is to design the antenna elements with a high radiation resistance in free space, such that the reduction of the radiation resistance in the array environment could be less pronounced [10] , this will be studied in the future work.
B. Effect of Array Lattice Geometry on the Radiation Pattern
The array lattice geometry affects the retrodirected pattern via two principal mechanisms.
First, in the lattices with uneven spacing radiation, gain experiences variation with the scan angle, which is however, not substantial (less than 1 dB) for moderate spacing variations (100% or less). Another potential source of the retrodirective array radiation pattern degradation is due to the inevitable appearance of the negatively refracted field (14), (23), which creates a contribution to the array excitation vector corresponding to the spurious DoA from the negative refraction direction. This contribution can be minimized in dense equilateral lattices or many-element arrays, due to the spatial coherence of the retrodirective field and incoherence of the negatively refracted field. Fig. 9 shows the example of a retrodirection pattern generated by a four-element array arranged in a square lattice with 0.15λ spacings. A full 360°range polar plot is shown in Fig. 9(a) and the limited range 0°-180°Cartesian graph is provided in Fig. 9 (b) to demonstrate the detail of the radiated beam main lobes. It can be seen that the retrodirected beam experiences a squint of around 7°toward the diagonal axis ϕ = 45°for any DoA except for the symmetry axes ϕ = 0°, ϕ = 45°, and ϕ = 90°. For an electrically small array, this beam squint does not cause any appreciable gain deterioration due to the wide angular bandwidth of the radiation pattern (∼90°). Further simulations, not presented here for brevity, show that any spatially compact (2) arrangement of more than three retrodirective antenna radiators with an arbitrary arrangement of antenna elements enables an omnidirectional RX/TX coverage in the azimuthal plane with small variation (less than 1 dB) of the maximal gain in the DoA direction.
C. Sensitivity Analysis
In the classical superdirective arrays theory [4] , [27] , the sensitivity of the array pattern to random variations in the antenna positions and excitation vector is characterized by the sensitivity factor [4] . This metric can be applied to the retrodirective antenna terminal sensitivity characterization; however, it should be remembered that classical superdirective arrays and retrodirective antenna terminals have a principal difference in operation. The excitation vector of a classical superdirective array is formed by the array polynomial roots that can be chosen arbitrarily in the complex plane to control the radiation pattern [27] . The array radiation pattern error appears as a result of the difference between the computed/modeled antenna element positions/radiation properties and the actual ones. In the retrodirective antenna terminals, the array excitation vector is electromagnetically set by the incident PW through the analog circuitry operation. If the propagation environment and the array configuration do To analyze this situation, we consider first a three-element disk-loaded dipole array with 0.15λ spacings and 10-resistive loading across the antenna terminals. It can be expected that due to the relatively large angular bandwidth of the retrodirected beam (∼90°), even a substantial PC phase error at the output of a single antenna port in the radiating triplet should not appreciably affect the retrodirective antenna array performance. To confirm this, a series of simulations has been run with the absolute phase error 10°-40°at the PC unit output of a single antenna element. The PC error at the other two antenna elements was set to 0°. Fig. 10(a) shows the situation when a 20°phase error is present across the terminals of the first element in the three-element array. It can be seen that only a minor deterioration of the radiation pattern is present (with beam squint error not exceeding 7°and a gain reduction less than 0.5 dBi). Next, the situation is modeled when the PC unit in the first element fails to operate and this antenna acts as a passive parasitic element. It can be seen [ Fig. 10(b) ] that even in this case, the PC array can retrodirect the beam in the range of DoA, albeit with a higher squint error (average 15°) and gain reduction. However, for some DoA, viz., 180°in Fig. 10(b) , the PC array fails to retrodirect the beam in the correct direction (orange line with triangular markers).
The retrodirective array performance deteriorates to a higher extent when more than one PC units generate the phase error. Simulation, not presented here for the sake of brevity, shows that in the case of two-and three-antenna PC circuits generating a 10°phase error, the beam squint is no more than 5°-7°. It should be noted that an average phase error in a high-performance PC unit normally does not exceed 5° [16] .
Next, the simulations of multielement retrodirective arrays with the number of elements more than three show that the multielement arrays are quite insensitive to the PC moderatephase errors (∼10°-40°) when a sufficient number of elements operate correctly. Fig. 11(a) shows the situation when three out of six elements generate a PC output with a 20°phase error and three other elements perform the PC with zero error. It can be seen that in this situation the beam pointing error is 5°-7°w ith the gain drop not exceeding 0.7 dBi. Fig. 11(b) shows the retrodirected radiation pattern when two out of four antennas operate as passive parasitic elements. It can be seen that the PC array maintains retrodirection. However, the gain significantly reduces (more than 1 dBi) for certain DoA. Finally, the effect of the amplitude error at the output of the PC unit on the retrodirected beam has been studied with the consequence that a moderate variation of the PC voltage amplitudes (10%-40%) does not adversely affect the beam pointing accuracy and gain, so PC units with uniform amplitude output can be used. This should significantly simplify the PC hardware realization [16] .
V. CONCLUSION
In this paper, we demonstrated that the DoA information carried by an incident EM wave can be encoded into the evanescent near field of an electrically small resonant antenna array with a spatial rate higher than the incident field spatial variation rate in free space. PC of the received signal across the antenna terminals leads to the retrodirection of the near field in the array environment, which generates an antenna array far-field beam radiated toward the original DoA. This EM phenomenon enables electrically small retrodirective antenna arrays with superdirective, angular super-resolution auto-pointing properties operating for an arbitrary DoA in the azimuthal plane.
Full-wave simulations have been carried out to demonstrate the practical realizability of the proposed retrodirective terminals comprised of resonance dipole antenna elements. Particularly, it has been shown that a three-element disk-loaded dipole array arranged in a triangular lattice with 0.15λ spacings can achieve a 3.4 dBi maximal gain, 3 dBi front-to-back ratio, and 13% return loss fractional bandwidth (with 10-resistive load). Next, it is demonstrated that the radiation gain can be improved to approximately 6 dBi at the expense of the return loss fractional bandwidth reduction (2%). Finally, sensitivity analysis based on full-wave simulations demonstrated that the proposed retrodirective terminals are free from the sensitivity issues pertinent to classical superdirective arrays. Moreover, it is shown that multielement retrodirective antenna arrays maintain their beam pointing action even if some of the antennas operate as parasitic elements after the PC failure.
It is believed that the proposed antenna terminals could find applications in energy-efficient wireless communication systems and focused wireless energy transfer systems where space is a premium.
APPENDIX A
This section provides more details of the EM scattering and reradiation by a retrodirective antenna array. For simplicity, let us consider straight antenna elements with electric current I n (z) variation along the z-axis.
A. Antenna Array in the Receive Mode
The current distribution I n (z) along the axis of the nth antenna element is governed by Hallen's equation [30] , [33] , [37] , [38] Ln 0 K (z, z ) I n (z )dz = P n (z)
where the kernel K (z, z ) is a linear combination of the spherical wave functions [38] and the right-hand side function P n (z) contains the projection of the total impingent electric field on the nth antenna surface
In (A2), Y 0 is the admittance of free space and the functions α(z) and β(z) are linear combinations of the harmonic term exp(ik 0 z), detailed in [38] . Equation (A1) arises as a consequence of the boundary condition stating that the total tangential E-field is zero at the metal surface. From (A3), it can be seen that the right-hand side excitation term can be written as a sum of two terms, in (z) + sc (z), with the term in containing the incident PW field only and the second term sc , which involves the total scattered field from all antennas except the nth one. The term in can be represented as in [38] in ( where n = exp(i k in · ρ n ) is the phase of the incident PW at the nth antenna center at ρ = ρ n . Suppose that the current distributions I n (z) are expanded into the method-ofmoments (MoM) basis functions set f
and (A1) is projected on this set. Then the solution column vector I M for the current coefficients can be written in the matrix form
In (A6), matrix is a diagonal matrix with complex numbers n equal to the phase of the incident PW at the nth antenna center and the diagonal matricesP (in) ,P (sc) are comprised of the incident and the scattered field (A2)-(A4) MoM projections, respectively. In (A6), K M is a matrix MoM projection of the left-hand side of (A1). Equation (A6) demonstrates that the DoA information contained in matrix is encoded into the antenna current distributions I n (z) via the propagating incident PW,P (in) and the scattered field in the antenna array environment,P (sc) .
B. Antenna Array in the Retrodirection Mode
A voltage drop v n induced across the nth antenna terminal at z = z 
It can be seen from (A4) and (A6) that the PC of the complex-valued voltage (A7) leads to a propagating wavefront reversal ∼exp(−i k in · ρ n ) at the antenna elements and the near-field retrodirection in the antenna array environment. The resulting phase conjugated field is given by (17) , where the current amplitudes can be found from the MoM matrix equation [38] with a complex-conjugate voltage column (A7).
APPENDIX B
The spectral amplitudes of the PW expansions in (20) are given by
where
